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PHYSIOLOGICAL EFFECTS OF GRAVITATION 

0. G. Gazenko and A. A. Gprdzhianl 

ABSTRACT 

The physiological effects of weightlessness are dis- 
cussed, as they were measured and reported by the Russian 
cosmonauts. The possibilities of adaptation to space envi- 
ronment by training and the mechanisms of compensation and 
vicarization (adaptive substitution) of the analyzers and 
processes of the biological entity are considered. The 
authors present recommendations for cosmonaut training for 
distant and prolonged flights. 

The physiological effects of weightlessness constitute a new and ex- 
ceptionally important problem in the practical applications of space science. 
They are also of great interest to theoretical physiologists. Weightlessness 
is an unusual experimental condition for investigating the general laws of the 
analyzer activity of the central nervous system and, therefore, the behavior 
and reactions of the organism to variable environmental factors. 

- /2* 

However, it is our profound conviction that the physiological effects of 
gravitation cannot be correctly evaluated until we understand their signifi- 
cance in the general biological scheme of things, in the individual and evolu- 
tionary development of organisms, as one of the moving forces in evolution and 
as one of Earth's ecological constants. It will be remembered that in the 
course of evolution, living organisms have been exposed only to relatively 
brief inertial forces (accelerations), which were either added to the force of 
gravitation or were subtracted from it (jumps, drops, etc.). This was essen- 
tially the effect of shock acceleration. 

It was not until the 20th century and the development of the technology 
involved in attaining high speeds that living organisms were subjected to pro- 
longed acceleration o r  to low weight and to weightlessness. Future flights 

*Numbers given in the margin indicate pagination in the original foreign text. 
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to other heavenly bodies with a larger or  smaller mass than that of the Earth 
have created the possibility of man finding himself, under other gravitational 
conditions, exposed to high or low gravitation. 

To our way of thinking, the fact that living organisms in the course /3 
of evolution were not exposed to the prolonged effects of altered gravitational 
and inertial conditions must have left its imprint on the nature of their re- 
actions. Presumably, the organism does not have ready specific mechanisms of 
adaptation to this factor, ready mechanisms of compensation and vicari- 
zation of impaired functions (as in the case of high doses of radiation which 
living organisms have similarly generally not encountered in the past). This 
situation must be borne in mind when analyzing the organism's reactions to al- 
tered gravitational conditions, and when considering the possibility of train- 
ing persons to withstand prolonged o r  repeated accelerations and altered gravi- 
tational conditions. 

A qualification is clearly needed here. We mentioned the effect of both 
gravitational and inertial forces, i.e., accelerations. The physical 
nature of these forces is, of course, different. However, as far as we know, 
they are completely equivalent to one another in biological effect. 

This report will not examine the biological effect of such dynamic flight 
factors as relatively brief acceleration or vibration. We are mainly con- 
cerned with the reaction to prolonged weightlessness and, in part, to accelera- 
tions simulating the conditions of high gravitation. 

The fundamental studies of Wunder, Vrabiescu et al., and several other 
investigators (refs. 15, 22, 51, 52 and many others) showed that raising /4 
animals under the conditions of prolonged acceleration markedly affects mor- 
phogenesis, the formation of vegetative and animal functions and the reactivity 
of animals to a variety of accelerations. 
to elucidate in full the nature of these characteristics in experimental ani- 
mals. Are they similar to the fairly well studied adaptive reconstruction of 
animals kept, for example, under hypoxic conditions, or do the characteristics 
of degenerative processes and changes prevail here? In any case, there is 
evidence in favor of the assumption that gravitational conditions, far from be- 
ing insignificant biologically, play a highly important role. 

Further research is probably needed 

Other matters of great interest are the relationship between the effects of 
high and l o w  gravitation or weightlessness, and the possibility of extrapolating 
the results of experiments with prolonged acceleration to weightlessness and 
what corrections should be introduced in doing so. It is tempting to construct 
a unified theory of the effects of acceleration and weightlessness as physical 
factors belonging to a single category--gravitation (ref. 25). This question 
also probably will be answered after suitable biological experiments on space- 
craft and after comparing the results with analogous laboratory investigations. 

As stated, weightlessness is now the central problem relating to the bio- 
logical role of gravitation from both practical and theoretical standpoints. 
Regarding the physiological effects of weightlessness, we unfortunately f2 
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possess only a limited amount of information, obtained under the following ex- 
perimental conditions: 

(1) manned flights on Soviet and American spacecraft (lasting up to five 
days ) ; 

(2) flights of animals and other biological objects on high-altitude rock- 
ets, earth satellites and spacecraft; 

(3) experiments with brief weightlessness created on airplanes and on spe- 
cial apparatus (elevators, towers, etc. ) ; 

(4) investigations involving simulation of various effects of weightless- 
ness (immersion in water, hypodynamic conditions, etc. ) .  

The results of the flights of Voskhod and Voskhod-2 made a major contribu- 
tion to physiology, especially the data on A. Leonov's walk in space. A short 
survey of the data and analysis of the materials available thus far on the 
physiology of weightlessness seems to us to be in order at this point. 

There has been a definite evolution in the theory of the physiological ef- 
fects of weightlessness. Until quite recently, prior to the first direct ex- 
periments in space, attention was focused largely on the possible unfavorable, 
direct influence of weightlessness as a physical (mechanical) factor on the 
principal physiological functions of the body : 
tion, eating and drinking, digestion and other processes, the starting point 
being the basic laws of hydrostatics and hydrodynamics (refs. 16, 18 and 19). 
However, the initial biological experiments on high-altitude rockets, artificial 
satellites and spacecraft showed that the changes resulting from the direct ef- 
fects of weightlessness on the various systems were minimal and readily neutral- 
ized by adaptive and compensatory mechanisms (refs. 36, 37, 41, 42 and 47). 

blood circulation, respira- - /6 

Later, when the possible physiological effects of weightlessness (and of 
acceleration) were analyzed,the attention of investigators began to be drawn to 
reflex mechanisms and to the interaction of the different sense organs. 

Studies-in-depth were made on the dynamics of regulation of blood circula- 
tion during acceleration, low weightand under conditions simulating individual 
effects of weightlessness (imersion in water, adynamic conditions, etc. ) .  

Many authors elucidated the relations between the individual sense organs 
(analyzers under weightless conditions). 
the interdependence of the visual, vestibular and proprioceptive analyzers (refs. 
23, 32, 60 and others). 

They obtained valuable information on 

Special. attention was directed to the sensitivity of the vestibular analyz- 
er. Some investigators assumed that, according to the well-known views of 
Weber and Fechner, its sensitivity would increase sharply in weightlessness. 
Thus, due to the interaction of the individual parts of the vestibular ap- - /7 
paratus (otoliths, semicircular canals), even slight accelerations might 
cause a marked sensorimotor reaction (refs. 20, 32, 45, 46 and others). However, 
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some investigators maintained that vestibular sensitivity would be unaffected 
or even diminish in weightlessness. This was the conclusion of those who 
studied human beings exposed to weightlessness on airplanes (refs. 42, 54), al- 
though the brevity of the weightless state and the effect of acceleration al- 
ternating with weightlessness naturally limited the value of the results 
obtained. 

This problem, it can be readily appreciated, has a great bearing on the 
practical needs of space science in developing artificial gravitation sys- 
tems (refs. 27 and 28) and in devising preventive and training measures. 

Unfortunately, the matter cannot be settled on the basis of the results 
of the space flights to date. On one hand, G. Titov and B. Yegorov observed 
that abrupt head movements and optokinetic stimuli aggravated their general 
condition and caused some vestibular-autonomic disturbances, but without a 
pronounced nystagmic reaction (according to Yegorov). 

On the other hand, the cosmonauts on Voskhod and Voskhod-2 noted that 
their general condition and efficiency had little to do with stabilization or 
rotation of the craft around its axis (about 1 rotation in 20-40 see). 
outside the cabin, Leonov did not experience any autonomic disturbances 
due to vestibular and optokinetic stimulation during rotation of the body 
in different planes with a fairly high angular velocity. 
tion of the electric sensitivity of the vestibular apparatus (to a galvanic cur- 
rent) on board the Voskhod also supports the view that vestibular sensitivity 
is not intensified by weightlessness. However, it was a question here of sen- 
sitivity not to adequate, but to electric stimulation, and we are inclined to 
think that the subject requires further study. 

When 
/8 

Moreover, investiga- 

There is no doubt that the starting point for analyzing and understanding 
the complex and varied picture of the physiological effects of weightlessness 
must be the -reaction of the organism as an integral entity. It is essential to 
take into consideration its individual characteristics as well as its entire 
life's experience to date. I. P. Pavlov's synthetic principle may serve as 
Adriadne's thread in finding the right path in the labyrinth of the highly com- 
plex relations between the organism and the environment. 

Accordingly, we should like to examine the physiological effects of weight- 
lessness under the following aspects: 

(1) sphere of afferent impulses and analyzer activity; 

(2) efferent sphere, coordination of movements; 

(3) sphere of regulation of autonomic functions. 

Sphere of Afferent Impulses and Analyzer Activity 

It is a well-known fact that spatial analysis is affected by the com- /9 
plex, integrated activity of all the analyzers--vestibular, visual, auditory, 
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motor, cutaneous, interocept ive,  e t c .  The r o l e  of t he  individual  analyzers 
var ies  with t h e  l e v e l  of evolut ion of the  organism, ecological  conditions of 
i t s  hab i t a t  and preceding l i f e ' s  experience (ref. 5 0 ) .  Depending on these  con- 
d i t i ons ,  any given analyzer may p lay  a leading ro l e  i n  the  l i v i n g  organism's ac- 
t i v i t y .  L .  A. Orbeli  s t r e s sed  t h e  s ignif icance of "leading af fe ren ta t ion"  i n  
animal behavior (refs.  12  and 35). 

Another point  worth special. mention i s  t h e  exceptional r o l e  of t he  motor 
analyzer.  I. M. Sechenov noted some t i m e  ago t h a t  t h e  motor analyzer i s  the  
base on which a l l  our a f fe ren ta t ion ,  our e n t i r e  perception of t h e ' e x t e r n a l  
world, rests ( ref .  43). 
importance of t h e  motor analyzer i n  s p a t i a l  ana lys i s .  However, I. S. B e r i -  
t a s h v i l i  i s  of a d i f f e r e n t  opinion, maintaining t h a t  t he  ves t ibu la r  analyzer is  
t h e  major element i n  s p a t i a l  o r i en ta t ion  (refs. 3, 4, and 9). 

I n  recent  years,  E. Sh. Ayrapet'yants emphasized t h e  

The vast c a p a b i l i t i e s  f o r  compensation and vicar ious functioning of ex- 
cluded analyzers a r e  of p a r t i c u l a r  i n t e r e s t  i n  t he  mechanism of s p a t i a l  analy- 
s is .  This phenomenon of some analyzers subs t i t u t ing  f o r  o thers  i s  by no 
means a s ing le  event,  but a complex process requir ing t i m e  and t r a in ing .  
For example, simultaneous enucleation of both eyes of an animal prevents 
t he  animal f rom making a conditioned jump, but  when t h e  operat ion i s  ca r r i ed  
out i n  s tages ,  t h i s  coordinated a c t  can be preserved, i .e . ,  t he  motor analyzer 
takes  over, s t ep  by s tep ,  t h e  functions previously performed by the v i sua l  
analyzer ( r e f s .  6 and 7 ) .  T h i s  explains ,  f o r  example, how vis ion  gradually 
comes t o  assume the  lead ing  r o l e  i n  a f fe ren ta t ion  i n  p i l o t s  undergoing t r a in ing  
f o r  b l ind  f l i g h t s .  It a l so  accounts f o r  t h e  va r i e ty  of subject ive react ions 
(sensat ions)  t o  weightlessness (refs.  14, 23, 53 and 5 5 ) .  

- /10 

Some cosmonauts experienced no i l l u s i o n s  of unusual bodl ly  pos i t ion  i n  
space, and t h e  onset of weightlessness w a s  detected from t h e  "f loat ing" of ob- 
j e c t s  and "feel ing of l i gh tness .  '' Others ( G .  Titov, A. Nikolayev, P.  P o p a i c h )  
immediately experienced i l l u s o r y  sensations of wrong bodily pos i t ion  i n  space 
("upside down") on t h e  s h i f t  from accelerat ion t o  weightlessness.  S t i l l  o thers  
(K.  Feoktistov and B. Yegorov) experienced these sensat ions (head or face  down) 
some time l a t e r  and re ta ined  them whether t h e i r  eyes w e r e  open or closed ( r e f s .  
3, 36 and 37). 
able ,  r a the r  than acute ly  unpleasant o r  i n to l e rab le .  

The cosmonauts regarded the  sensat ions as somewhat uncomfort- 

O f  g r ea t  i n t e r e s t  a r e  t h e  da ta  t e s t i f y i n g  t o  t h e  good s p a t i a l  o r i en ta t ion  
of t he  cosmonauts on Voskhod-2, p a r t i c u l a r l y  t h a t  of Leonov while ex i t i ng  from 
the  cabin and when outs ide .  

I n  the  cabin, "up-and-down" was determined from i n t e r i o r  furnishings,  /11 
and even w h i l e  t h e  vehicle  w a s  ro t a t ing  r e l a t i v e  t o  the  o r b i t a l  plane 
( "tumbling") t h e  cosmonauts did not experience the  upside-down sensat ion.  

The ten ta t iveness  of t h e  "up-and-down" idea as w e l l  as t h e  p r a c t i c a l  neces- 
s i t y  f o r  prec ise  o r i en ta t ion  outs ide the  spacecraft  required t h e  se l ec t ion  of a 
system of coordinates t h a t  would take i n t o  account both i t s  long ax is  and the  
Sun's pos i t ion .  Orientat ion w a s  a lso f a c i l i t a t e d  by t h e  f a c t  t h a t  t he  motion 
p i c tu re  camera w a s  on "top" of t h e  a i r lock  chamber. While i n  the  l a t te r ,  Leonov 
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found the task of orientation difficult, but he had no disagreeable sensations. 
After leaving the cabin, he used the system of coordinates in accordance with 
the predetermined plan. However, if the craft did not fall within his visual 
field, spatial orientation became impaired and it was difficult to determine 
quickly the true location of the craft. On the whole, we have the impression 
that Leonov adequately assessed the situation, and though it was wholly novel 
and unexpected, he did not experience serious nervous tension or emotional 
stress. 

A l l  this shows the importance of previously selected visual qrienting 
points and appropriate preliminary training. It seems to us that it confirms 
the great potential for reorganizing and training the mechanisms of spatial 
analysis. Visual information about the location of objects in space sup- 
pressed, so to speak, unexpected vestibular signaling, "sets in order" in- 
formation from the sense organs and enables man to determine accurately the 
position of his body in space. 

/12 

After his flight, Titov reported that with muscular tension the disagree- 
able vestibular-autonomic sensations disappeared almost entirely. Feoktistov 
and Yegorov had the same ex-perience. In this situation, proprioceptive af- 
ferent impulses from the muscles evidently suppressed the unusual vestibular 
signaling. Cutaneous reception a l s o  clearly played a part (refs. 23, 24 and 
34) 

Presumably, the illusions and disagreeable vestibular-autonomic phenomena 
arising from unusual vestibular signaling (and, perhaps 
ceptive signaling) become more apparent against a background of a general 
poverty of afferent information. Adequate tone of the reticular formation and 
cerebral cortex seem to be beneflcial (ref. 2). 
the increase in total number of afferent signals during muscular contractions 
and motor activity markedly improved the condition of the cosmonauts. 

proprio- and intero- 

This may be the reason that 

In point of fact, Titov, Feoktistov, and Yegorov felt disagreeable 
vestibular-autonomic sensations and mild nausea (Titov and Yegorov) several 
hours after the launching and, although these did not interfere with execution 
of the planned program, they persisted almost throughout the flight. But the 
cosmonauts felt much better after sleeping. Disagreeable sensations did /13 
not appear in Belyayev and Leonov, who performed very active work entailing 
considerable nervous, emotional and physical strain. 

Thus, besides signs of adaptation and reconstitution of neural paths 
to cope with the new gravitational conditions, there were also indications of 
cumulation of disagreeable signals and rupture of the adaptation mechanism. 
The tone of the central nervous system was a matter of considerable importance, 
as revealed by the improvement after sleep and by resting the nervous system. 
It is probable that from the standpoint of tolerance of the unusual state of 
weightlessness, semidrowsiness is quite unfavorable. An active, wakeful cor- 
tex and the state of deep sleep inhibition of the entire cortex are apparently 
optimal. 
reactions of the cosmonaut. Under certain conditions, the working dominant is 
a major normalizing factor. Forxexample, despite the unusual flight conditions 

The level of the working apparatus has a significant effect on the 
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and "exit" into space (while Leonov was going through the air lock and while 
outside the cabin), the working apparatus clearly "suppressed" the disagreeable 
sensations that could have developed and overcame the impairment of spatial 
orientation by weightlessness. 

Spatial illusions are undoubtedly due to the unusual interaction of the 
analyzers, the unusual combination of signals from different receptors. The 
reason may be that the weight of the body and objects disappears, while their 
mass and, consequently, their inertial forces persist. 
appear when new coordination of information from the analyzers is achieved, 
aiding in correcting spatial orientation. They seem to be a symptom of the 
transition from one type of coordination in the analyzer sphere to another. 

The illusions dis- /14 

Unusual signals from the visceral receptors and unusual combinations of 
signals between the different interoceptive zones and between the intero-, 
proprio-, and exteroceptors also play a definite part in the origin of 
vestibular-autonomic disturbances (refs. 1, 40 and 59). These examples show 
that the analyzer activity of the central nervous system in weightlessness 
can be best understood in the light of L. A. Orbeli's theory on the interaction 
of afferent systems. He treats this interaction as a plastic functional sys- 
tematization of the work of the analyzers, with a great capacity for establish- 
ing new coordinations, which ultimately lead to the fullest and truest reflec- 
tion of the external and internal (visceral) world in our consciousness (refs. 
30 and 35). 

Effector Sphere, Coordination of Movements 

Coordination of movements is affected both by altered mechanical conditions 
(lack of weight with the retention of mass and, consequently, inertial phenom- 
ena) and by change in afferent impulses, which make correction of movements by 
the feedback principle difficult. The adjusting and postural-tonic reflexes, 
the base on which all other motor coordinations rest, are drastically changed by 
weightlessness. Furthermore, in free space the absence of points of support 
creates new conditions for biomechanics. 

The results of studies on brief weightlessness in airplanes and ef- 
fects of acceleration showed that the capacity for compensation and rapid 
restoration of coordination of elementary motor acts is great (refs. 17, 29, 
36, 49 56 and 57). The cosmonauts' handwriting also improved from orbit to 
orbit (refs. 14, 33 and 37). 

- /l5 

In our opinion, the possibilities of performing complex actions which are 
controlled by the cerebral cortex, which possesses a large capacity for 
adaptation, compensation and vicarious functioning, are even more favorable. In 
fact, the cosmonauts on Voskhod and Voskhod-2 had no trouble in performing the 
programed manipulations or in coordinating their movements. However, analysis 
of the time spent on some of the operations (handling the equipment, carrying 
out-plethysmometry, etc.) showed that somewhat more time was required at the 
start of the flight than on the ground or  at a later time in the flight. For 
example, during the first orbit Komarov needed about twice as much time to 
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perform the operations involved in orienting the spacecraft as he did on sub- 
sequent orbits or when on the ground. This was also the case with Yegorov in 
taking physiological measurements. This phenomenon may very well be due to the 
effect of "external inhibition," resulting from the novelty of the situation 
and from the reconstitution of skills to suit the conditions of weightlessness. 
During later stages of the flight these phenomena generally leveled out or were 
compensated. 

Investigation of the resolving power of the visual analyzer (with /16 
allowance made for the substandard lighting conditions) showed that it did 
not change appreciably. 
but not significantly. 

Operational visual efficiency occasionally decreased, 

Investigations on the dynamic characteristics of the operator in a model 
control system are highly interesting. Use was made of graduated, random and 
sinusoidal signals with certain frequency characteristics. The operator (cos- 
monaut) was able to exert control by direct and delayed feedback in the system. 
The operator's standard deviation was greater during flight than during train- 
ing in a mockup of the spacecraft. It was more pronounced with higher frequen- 
cies of the signal (fig. 3). Yegorov a l s o  concluded that in general, efficiency 
may be less in certain flight situations than when performing the same type of 
operations on the ground (time required and quality of the work). It was also 
demonstrated that the dynamics of well developed elementary skills was not im- 
paired during the performance of programed operations. Thus, the data show that 
the cosmonauts retained a sufficlently high level of efficiency to ensure com- 
plete execution of the varied fllght program. 

The extravehicular behavior and movements of Leonov are exceptionally in- 
teresting. The data have important implications for the future, e.g., in k 
assembling space objects. It is worth noting that in weightlessness even a 
comparatively slight exertion can cause the body to spin in different planes at 
a fairly high angular velocity, as confirmed by the motion pictures taken during 
the walk in space. 

Preliminary biomechanical analysis of the characteristics of Leonov's move- 
ments outside the cabin (and on the ground on a special stand) reveals quite 
satisfactory coordination and the possibility of carrying out planned movements 
and actions with the tether. 
quired to ready the camera and to dismount it before returning to the spacecraft 
A l l  operations were executed manually with no apparent difficulty. 

The cosmonaut succeeded in doing everything re- 

The cosmonauts' nervous and emotional state and sleep during all flights, 
including the last one, were within normal limits. 

mese findings are highly encouraging from the standpoint of extravehicular 
activity . 

In selecting cosmonauts, it is essential to take into account the individ- 
ual. capacityto reconstitute the existing coordinations in both the afferent and 
efferent spheres. The training program must be designed to develop this 
capacity. 
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W e  believe t h a t  i n  studying the  capacity f o r  r econs t i t u t ing  coordina- /18 
t i o n s  andsubs t i tu t ingsome f o r  o thers ,  w e  can be g r e a t l y  aided by t h e  works 
of L. A. Orbeli and h i s  school (ref. 33). They maintain t h a t  i n  e s t ab l i sh ing  
b io log ica l ly  new coordinations,  old ones are suppressed wi th  p a r t i a l  use made 
of some of t h e i r  ind iv idua l  elements. The cerebellum warrants spec ia l  a t t en -  
t i on .  
old coordinations i n  order  t o  e s t a b l i s h  new ones. N.  A. Bernshteyn's s t u d i e s  
on the  establishment of movements and the  r o l e  of d i f f e r e n t  l e v e l s  of t h e  ner- 
vous system i n  t h e  process are a l s o  of g rea t  value i n  understanding t h e  mech- 
anism of forming new coordinations under t h e  unusual conditions o f  g r a v i t a t i o n  
(ref. IO). 

Orbeli thought t h a t  one of the  functions of t h i s  organ i s  t o  suppress 

Sphere of Regulation of Autonomic Functions 

Weightlessness, as mentioned before, may a f f e c t  t h e  autonomic func- - /19 
t ions  d i r e c t l y  as a mechanical f a c t o r  and i n d i r e c t l y  from reflexogenic zones. 
The main influence,  w e  believe,  i s  manifested by impairment of coordination and 
i n  the  d is rupt ion  of t he  system of se l f - r egu la t ion  of autonomic functions.  The 
cardiovascular system i s  a good example. 

Loss of t he  weight of t he  blood may be responsible f o r  wrong informa- 
t i o n  from the  mechanoreceptors of t he  vascular bed about the  state of blood- 
f i l l i n g  of t he  corresponding po r t ion  of t he  vascular bed. This,  i n  tu rn ,  may 
cause a n  inadequate r e f l ex ,  inadequate r e d i s t r i b u t i o n  of t h e  blood and unfavor- 
able conditions f o r  cardiac a c t i v i t y .  The loss of the  "ve r t i ca l "  by the  body 
may r e s u l t  i n  t he  pressure  g rad ien t  i n  the  vascular bed los ing  one of i t s  
functions.  It i s  l i k e l y  t h a t  the  appearance of a t h i r d  cycle i n  t h e  seismo- 
cardiogram of t h e  cosmonauts, described i n  a paper by one of t h e  authors 
(Gazenko, r e f .  14)  was due t o  such s h i f t s  i n  i n t r a c a r d i a l  hemodynamics. 

I n  most of t he  cosmonauts, t he  pulse and r e s p i r a t i o n  r a t e s  returned fa i r -  
S t a r t -  l y  quickly t o  t h e  o r i g i n a l  values a f t e r  t he  launch p a r t  of t h e  f l i g h t .  

ing on the  second and t h i r d  o r b i t s  t he re  was a tendency f o r  t h e  pulse r a t e  t o  
drop below t h e  o r i g i n a l  l e v e l ,  e spec ia l ly  while t he  cosmonauts were sleeping. 
For example, Yegorovfs pulse r a t e  during the  f l i g h t  w a s  46 bea ts  pe r  minute. 
But even on the  ground it sometimes dropped t o  52 during sleep, t e s t i f y i n g  t o  
s l i g h t  predominance of t he  vagotonic reac t ion .  This i s  not ind ica ted  by the  
s l i g h t  prolongation of a t r i o v e n t r i c u l a r  conduction. - /20 

On some of t he  space f l i g h t s ,  lowering of the s y s t o l i c  ar ter ia l  pressure 
was recorded, as s p e c i f i c a l l y  observed by Yegorov i n  h i s  colleagues. For exam- 
p l e ,  Komarovfs s y s t o l i c  ar ter ia l  pressure dropped from a p r e f l i g h t  115 mm Hg t o  
95, but  t he  minimum pressure  rose from 65 mm .Eg t o  80. 
s y s t o l i c  a r t e r i a l  p ressure  and tendency f o r  t he  d i a s t o l i c  pressure  t o  r ise  re- 
su l t ed  i n  s l i g h t l y  lowered pulse  pressure  i n  the  cosmonauts. 

The lowering of t he  

Even more i n t e r e s t i n g  w a s  t h e  tendency f o r  t h e  pulse rate t o  f l u c t u a t e .  
For example, t he  reac t ion  of almost a l l  cosmonauts t o  t h e  t r a n s i t i o n  from s leep  
t o  yakeminess  w a s  marked by temporary acce lera t ion  of t he  pulse  followed by 
dece lera t ion  and longer - las t ing  changes i n  t h e  s y s t o l i c  index, time of a t r i o -  
ven t r i cu la r  conduction and shortening of t h e  e l e c t r i c  sys to l e .  
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The cosmonauts of Voskhod and Voskhod-2 noted t h a t  even moderate physical  
exe r t ion  produced h i d r o s i s  and a t  t i m e s  increased tendency t o  f a t igue .  

These f ind ings  are undoubtedly ind ica t ive  of changes i n  t h e  regula t ion  of 
autonomic functions i n  weightlessness, some i n s t a b i l i t y  of new coordination and 
regula t ion  of autonomic functions,  dys toniaand  unstable equilibrium between t h e  
sympathetic and parasympathetic por t ions  of t h e  autonomic nervous system. One 
of t h e  authors (Gazenko) presented a physiological i n t e r p r e t a t i o n  of  these  phe- 
nomena a t  t h e  Third Symposium on Bioastronautics i n  Texas i n  November, 1964. 

with extended f l i g h t s .  
The results w i l l  stimulate f u r t h e r  research, e s p e c i a l l y  i n  connection lu 

The cosmonauts of Voskhod-2 exhib i ted  some phys io logica l  reac t ions  t h a t  
After t h e  c r a f t  went had not been observed on any of t h e  preceding f l i g h t s .  

i n t o  o r b i t ,  Belyayev's and Leonov's cardiac r a t e  increased s l i g h t l y .  The mod- 
e r a t e  tachycardia noted w a s  ev ident ly  due t o  t h e  exer t ions  involved i n  ge t t i ng  
the  second cosmonaut ready t o  e x i t  from t h e  s h i p .  A t  t h e  same t i m e  t h e  r e sp i r a -  
t i o n  r a t e  also increased ( f i g .  1). m e s e  reac t ions  a re ,  i n  general ,  cons is ten t  
with those  observed i n  t h e  course of t r a i n i n g  operations simulating e x i t .  

Inves t iga t ion  of Belyayev's and Leonov's oculograms during f l i g h t  revealed 
between t h e  f i r s t  and fou r th  o r b i t s ,  obviously a high r a t e  of eyebal l  movement 

another ind ica t ion  of t h e  cosmonaut's vigorous a c t i v i t y  during t h i s  phase of 
t h e  f l i g h t  ( f i g .  1). 

Leonov's pu lse  and r e s p i r a t i o n  r a t e s  increased when he was ex i t i ng  and 
while ou ts ide  the  vehic le ,  no doubt due t o  n a t u r a l  emotional s t r e s s .  But they 
quickly returned t o  normal as soon as he returned t o  t h e  c r a f t .  For example, 
Leonov's pulse rate w a s  100-120 bea ts  p e r  min when he f in i shed  passing through 
the  a i r lock ,  t h e  same values as those recorded during t h e  analogous t r a i n i n g  
exerc ise  on the  ground. When he exited, it rose  t o  150-160, and when he en ter -  
ed the a i r lock  o s  encountered some d i f f i c u l t i e s ,  it rose t o  168, but returned 
t o  100-120 f a i r l y  quickly as soon as he reentered the  a i r l o c k  ( f i g .  2 ) .  

Analysis of blood samples taken from Feokt i s tov  and Yegorov during t h e  /22 
second and twel f th  o r b i t s  of Voskhod f a i l e d  t o  revea l  any changes i n  carbo- 
hydrate o r  s a l t  metabolism. 
5 1  mg percent ( i n  con t ro l  samples it never exceeded 40 mg percent ) .  
obviously an ind ica t ion  of somewhat quicker decomposition of p ro te in  during 
f l i g h t .  I n  addition, leukocytosis occurred i n  Yegorov. 

There w a s  a s l i g h t  increase  i n  blood urea--to 41- 
This w a s  

Pulmonary v e n t i l a t i o n  increased percept ib ly  during t h e  f l i g h t .  For exam- 
p le ,  it increased 2-3 f o l d  i n  Belyayev and Leonov. Changes i n  oxygen consump- 
t i o n  were ambiguous, and t h e  amount of ava i l ab le  da ta  i s  too  l imi t ed  t o  permit 
any d e f i n i t e  conclusions. 

A comparison of t h e  physiological da t a  recorded during f l i g h t s  of d i f f e r e n t  
dura t ion  ( t h e  Vostoks) with those of t h e  f l i g h t s  of t h e  t h r e e  cosmonauts 
(Voskhod) and of t h e  two cosmonauts (Voskhod-2) i s  use fu l  i n  evaluating the  s ig -  
n i f icance  of emotional stress i n  t h e  p i c t u r e  of t h e  physiological reac t ions  
of ind iv idua l  psychophysiological c h a r a c t e r i s t i c s  of t he  cosmonauts and of the  
f a c t o r  of f l i g h t  duration. 
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Figure 3. Changes in average error in signal 
tracking on various frequencies. 

It is our impression that the indices of cardiovascular and respiratory 
function in the crews of Voskhod and Voskhod-2: both before and during the 
flight, changed less than they did in the cosmonauts who had flown on the 
Vostoks. For example, the pulse rate of Bykovskiy and Tereshkova was 137 and 
151 per min, respectively, whereas it was 98, 102 and lo9 per min in Komarov, 
Feoktistov and Yegorov, respectively (table 1). The transition from accelera- 

"imperceptible. I '  

tion to weightlessness was smooth and, according to the cosmonauts, L . 3  

Thus, the multimanned flights were definitely superior to the solo flights 
from the medical and psychological points of' view. 
the nature and the intensity of the physiological reactions during virtually 
all stages of the flight, and even in the preflight period. 
ceive the beneficial effect of the "feeling of fellowship." 

This is apparent from both 

It is easy to per- 

5 

Twenty-four hours after the fiight, functional cardiovascular tests (pas- 
sive orthostatic test, test with graduated physical exercise) revealed some 
characteristics of the reactions. For example, the reaction to exercise was 
somewhat more pronounced, and the restoration period was longer than before the 
flight. The stroke and minute volumes dropped (in Feoktistov and Yegorov by 
26-47 percent) and pulse pressure decreased (by 10-2lCmm Hg). Arterial pres- 
sure was low in Yegorov after the functional test. /24 

Biochemical investigations of blood after the flight showed an increase 
in cholesterol. For example, the evening after the flight of Voskhod, the 
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226 
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194 
136 
134 
175 

Original 
values Cosmonauts 

Vostok-5 
Vostok-6 
Voskhod 
Voskhod 
Voskhod 

V. Bykovskiy 
V. Tereshkova 
V. Komarov 
K. Feoktistov 
B. Yegorov 

64 
78 
72 
76 
63 

5 and 1 min before launch and 
during launch part of the flight, 
percent of original level 

5 min 1 min Launch 

cholesterol content of the cosmonauts was 260-290 mg percent instead of their 
usual 120-180 mg percent. The following morning it dropped to 220-260 mg per- 
cent and was completely normal within 2 weeks. 

These findings clearly testify to some strain in lipid metabolism due to 
the flight and to the possibility of prolonged aftereffects. 

Postflight investigations of blood sugar in the cosmonauts who flew on 
Voskhod showed that individual characteristics played a major part. For exam- 
ple, Yegorov normally had a low sugar concentration, whereas it was high in 
Komarov. Investigations of excretion of 17, 24 oxy-20-ketocorticosteroids, 
17-ketosteroids, and the K/Na ratio in urine showed no significant abnormali- 
ties. However, these results were obtained after a 24-hour flight, and a more 
pronounced reaction is to be expected after longer flights. 

The day after the flight, Belyayev’s energy expenditure exceeded the orig- 
inal values by 29 percent, that of Leonov by only 1 3  percent. 

Forty-eight hours after the flight of Komarov and Yegorov, a functional 
kidney test showed that water elimination was slower than before the flight or 
two weeks after it. Neither had any impairment of glomerular filtration or 
concentration capacity of the kidneys. It is noteworthy that during the flight 
the cosmonauts did not experience thirst, although the water loss was fairly 
high. But they felt very thirsty immediately after landing. These changes /25 
were probably due to nervous and emotional stress and to hormonal shifts 
that occurred during flight. 
have been related to secretion of an antidiuretic hormone. 

Impairment of the water-elimination function may 

The changes in energy expenditure and water metabolism provide additional 
data to explain the familiar phenomena of weight l o s s  after flight. The cos- 
monauts of Voskhod and Voskhod-2 lost the following amounts: Komarov, 1.9 kg; 
Feoktistov, 2.9 kg; Yegorov, 3 kg; Belyayev, 1 kg; Leonov, 0.9 kg. 
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Thus, the d a t a  c i t e d  show that  the  primary physiologjcal  e f f e c t s  of weight- 
lessness  do not include l o c a l  changes ( e  .g . ,  humoral changes) , b u t  impairment of 
neuroreflex r egu la t ion  and self  - regulat ion.  
t h e  change i n  s igna l s  from t h e  receptors ,  p r imar i ly  those of the cardiovascular  
system. 
known t o  cause r a d i c a l  changes i n  t h e  regula t ion  of blood c i r c u l a t i o n  ( r e f s .  44 
and 48). 
var ious t i s s u e s  and impair t i s s u e  metabolism, which r e s u l t s  i n  t rophic  d isorders .  

The chain of reac t ions  s tar ts  w i t h  

Changes i n  t h e  nature  of t he  s igna l s  from the vascular receptors  are 

The lat ter d i s rup t  t h e  homeostasis needed f o r  t h e  spec i f i c  a c t i v i t y  of 

Pos t f l i gh t  medic a1 examinations revealed t h a t  the func t iona l  c.hanges and 
unstable  regula t ion  of autonomic funct ions (as shown, e .g . ,  i n  exe rc i se  tes ts)  
pe r s i s t ed  f o r  some t i m e  after t h e  f l i g h t .  /26 

It i s  w e l l  t o  note  here  the danger inherent  i n  t h e  cosmonauts' reac t ions  t o  
t h e  s h i f t  from acce le ra t ion  t o  weightlessness and from weightlessness t o  accel-  
e r a t i o n  ( r e f s .  14 ,  18, 19, 31 and 39). During the t r a n s i t i o n  from weight less-  
ness  t o  acce lera t ion ,  r e s i s t ance  t o  t h e  overload by the organism i n  a s take  of 
unstable  r econs t i t u t ion  of autonomic funct ions w i l l  probably be w e a k .  Indeed, 
the cosmonauts have o f t en  s t a t e d  that it is  harder t o  t o l e r a t e  acce lera t ion  when 
the  spacecraf t  r e tu rns  t o  Ea r th  than when it goes i n t o  o r b i t  ( re fs .  1 4 ,  26 
and 39). 

During the ac t ive  p a r t  of t h e  f l i g h t ,  the  pulse  and r e s p i r a t i o n  r a t e s  w e r e  
much more rap id  than when the men w e r e  exposed t o  equivalent  acce lera t ion  on a 
cent r i fuge .  And it took much longer f o r  these ind ices  t o  r e tu rn  t o  the o r i g i n a l  
values when the acce ler3 t ion  i n  space f l i g h t  ceased ( r e f s ,  8, 14,  39 and 47 ) .  
This  per iod w a s  p a r t i c u l a r l y  long on the f l i g h t  of Voskhod-2, which w e  a t t r ib -  
uted t o  the a c t i v i t y  of the cosmonauts i n  preparing f o r  the "exi t "  from the 
c r a f t .  

It follows from t h e  foregoing tha t  the cosmonauts' reac t ions  depend on a 
hos t  of f a c t o r s .  W e  must take i n t o  account both the q u a l i t a t i v e  and quan t i t a -  
t i v e  c h a r a c t e r i s t i c s  of t he  e f f e c t s  of severa l  f a c t o r s  operating simultaneously,  
the order i n  which they occur ,  the  var ious ex te rna l  and i n t e r n a l  condi t ions ,  
one of the most important of which i s  the  genera l  condi t ion of the  organism, /27 
e s p e c i a l l y  the nervous system, and the preceding preparat ion and t r a i n i n g .  It 
i s  c l e a r ,  t he re fo re ,  t ha t  it i s  not s u f f i c i e n t  t o  study only the  e f f e c t s  of the 
ind iv idua l  f l i g h t  f a c t o r s ;  t he  influence of the e n t i r e  se t  must be evaluated 
( r e f s .  13 and 21) .  This i s  an urgent problem requi r ing  spec ia l  considerat ion,  
bu t  it i s  outs ide t h e  scope of t h e  present  communication. 

Thus, here a l s o  w e  see the  value of using the synthe t ic  p r inc ip l e  i n  study- 
ing t h e  physiological  e f f e c t s  of g rav i t a t ion  ( re fs .  21, 23, 35 and 38).  

Cone l u s  ions /28 
Some of our prel iminary conclusions from t h e  material presented here  are as 

follows . 
The d i r e c t  in f luence  of weightlessness as a mechanical f a c t o r  on the course 

of physiological  processes i s  probably not of g r e a t  s ign i f icance .  The primary 



e f f e c t s  are  changes i n  the receptor  funct ions and i n  the  a f fe ren t  sphere.  The 
flow of a f f e ren t  impulses, unusual i n  t o t a l  nunher and q u a l i t y ,  are  responsible  
f o r  these  main reac t ions :  

(1) general  nonspecific stress reac t ion ;  

(2)  impairment of percept ion by ex te rna l  and i n t e r n a l  analyzers ,  ( i n t e r o  - 
and proprioceptive s i g n a l  systems),  which gives r ise t o  i l l u s i o n s  ( including 
impairment of s p a t i a l  o r i en ta t ion ,  s p a t i a l  ana lys i s )  ; 

( 3 )  inadequate reac t ions  by the v i sce ra ,  d i s rup t ion  of se l f - regula t ion  and 
coordination of autonomic funct ions , the  vestibular-autonomic disturbances ; 

( 4) impairment of coordination of movements and decrease i n  operat ional  
e f f i c i ency  . 

Immediately a f t e r  t h e  s h i f t  t o  weightlessness and t h e r e a f t e r ,  t h e  follow- 
ing  mechanisms of adaptat ion t o  the  unusual g r a v i t a t i o n a l  condi t ions,  the 
mechanisms of compensation and vicar ious a c t i v i t y  of impaired and l o s t  func- 
t i o n s ,  a re  act ivated:  

(1) mechanisms of nonspecific adaptat ion,  which border c lose ly  on the 
s t r e s s  react ion;  

( 2 )  r econs t i t u t ion  i n  the  a f f e ren t  sphere; new coordination of anal-  
yzer a c t i v i t y  r e s u l t i n g  i n  a maximally complete and accurate  r e f l e c t i o n  of t he  
world under the  unusual g r a v i t a t i o n a l  conditions ( t h i s  r econs t i t u t ion  is 
achieved under the  con t ro l  of and with cor rec t ions  introduced by the  higher 
d iv is ions  of the  c e n t r a l  nervous system, the  cerebra l  cor tex  i n  p a r t i c u l a r ) ;  

& 

(3)  r econs t i t u t ion  i n  regulat ion of a c t i v i t y  of t he  v iscera ;  new coordina- 
t i o n  of t h e i r  a c t i v i t y  aimed a t  ensuring homeostasis and providing scope f o r  t he  
func t iona l  c a p a b i l i t i e s  of t he  organism (with phases of more or l e s s  complete 
compensation of impaired funct ions;  but  even with s a t i s f a c t o r y  compensation, the  
organism's reserves  are somewhat l i m i t e d ,  as revealed when loads are applied) ; 
the  new coordination shows s igns  of being somewhat inadequate ( a t  l e a s t  during 
shor t  f l i g h t s )  ; 

( 4 )  r econs t i t u t ion  i n  the  sphere of somatic func t ions ;  the  new coordination 
of movements i s  achieved under the cont ro l  and with the extensive pa r t i c ipa t ion  
of the  higher d iv is ions  of the  c e n t r a l  nervous system; preliminary preparat ion 
and t r a in ing  p lay  an important p a r t  by ensuring compensation (adaptat ion 
and v icar iza t ion)  of both elementary s k i l l s  and complex types of a c t i v i t y .  
There are indicat ions,  however, tha t  compensation i s  not  always complete ( a t  
l e a s t  during shor t  f l i g h t s )  . 

Recommendations 

The long-range plans t h a t  c a l l  f o r  more d i s t a n t  and extended f l i g h t s ,  
i n  which the cosmonauts w i l l  have complex s t ee r ing  and research d u t i e s ,  require  ,@ 
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su i t ab le  p r a c t i c a l  measures f o r  s e l ec t ing  and t r a i n i n g  personnel and crea t ing  
optimum working condi t ions and rout ines ,  as w e l l  as preventive and pro tec t ive  
devices .  

A thorough and systematic study of t h e  e f f e c t s  of f l i g h t  f a c t o r s  (weight- 
l e s sness  i n  p a r t i c u l a r )  and the mechanisms of adaptation to . them w i l l  be of 
value i n  pred ic t ing  r eac t ions  on various space routes  and i n  working up a sound 
program f o r  the f l i g h t s ,  cosmonauts' a c t i v i t i e s  and pro tec t ive  measures. 

I n  se l ec t ing  personnel,  it i s  obviously e s s e n t i a l  t o  take i n t o  account the 
individual  c h a r a c t e r i s t i c s  of p l a s t i c i t y  and l a b i l i t y  of the  c e n t r a l  nervous 
system, and i t s  capac i ty  t o  reorganize o ld  coordinations i n  t h e  a f f e ren t  and 
e f f e ren t  spheres and i n  the  a c t i v i t y  of t h e  v i sce ra  i n  accordance with new en- 
vironmental condi t ions.  This capaci ty  must be strengthened during the  t r a in ing  
per iod.  

It i s  necessary t o  study the  r o l e  of the  ind iv idua l  p a r t s  of t he  c e n t r a l  
nervous system ( e . g . ,  the  cerebellum and sympathetic nervous system) i n  recon- 
s t r u c t i n g  coordinations t o  s u i t  environmental condi t ions,  and t o  inves t iga te  
the p o s s i b i l i t y  of using pharmacological or other  agents t o  assist i n  the 
various s tages  of the process .  

U s e  should be made of t h e  p o s s i b i l i t y  of nonspecific t r a i n i n g  and of i n -  
creasing man's adaptive c a p a b i l i t i e s ,  e . g . ,  by s taying i n  h igh-a l t i tude  regions 
( r e f s .  5 and 11). 

E f f i c i e n t  methods of preparat ion and t r a in ing  should be devised t o  f a c i l i -  
t a t e  the  reorganizat ion of t he  body, so t h a t  it can adequately cope w i t h  f l i g h t  
condi t ions.  A good example of t h i s  w a s  Leonov's t r a i n i n g  f o r  o r i en ta t ion  /31 
i n  space with t h e  a i d  of a r t i f i c i a l  coordinates or ien t ing  po in t s .  Some o ther  
working dominants might be devised t o  prevent ves t ibu lar  -autonomic dis turbances.  

We be l ieve  that  only the  f i r s t  few s teps  have been taken i n  t h i s  d i r ec t ion .  
Ahead of us l i e s  much arduous, but  extremely i n t e r e s t i n g  and, we hope, f r u i t f u l  
work. T h i s  work which promises t o  solve p r a c t i c a l  problems i n  as t ronaut ics  
a l so  has major implicat ions f o r  important t h e o r e t i c a l  problems i n  biology and 
medicine. The goal i s  worthy of t he  f r i e n d l y  and cooperative e f f o r t s  of scien-  
t i s t s  all over the  world. 
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